The aged heart displays a loss of cardiomyocyte number and function, possibly due to the senescence and decreased regenerative potential that has been observed in some cardiac progenitor cells. An important cardiac progenitor that has not been studied in the context of aging is the cardiac side population (CSP) cell. To address this, flow cytometry-assisted cell sorting was used to isolate CSP cells from adult (6-10 months old) and aged (24-32 months old) C57Bl/6 mice that were fed either a control diet or an anti-aging diet (caloric restriction, CR). Aging caused a 2.3-fold increase in the total number of CSP cells and a 3.2-fold increase in the cardiomyogenic sca1
Introduction
Advanced age remains one of the strongest risk factors for cardiovascular disease (Lloyd-Jones et al. 2009 ). Data from rodent models suggest that during normal aging the number of cardiomyocytes declines leading to hypertrophy of the remaining cardiomyocytes, accelerated cardiomyocyte death, interstitial fibrosis, and a general pattern of maladaptive remodeling (Chimenti et al. 2003; Sussman and Anversa 2004) .
A potential contributor to age-associated cardiomyocytes loss is a decrease in the quantity and/or quality of progenitor cells in the aged heart. Severalevidence of inefficient proliferation, differentiation, or homing (Morrison et al. 1996; Pearce et al. 2007; Torella et al. 2004 ). In the aged mouse heart specifically, c-kit + progenitors were found to have increased markers of senescence (Torella et al. 2004) . This is an important issue for both understanding ageassociated cardiomyocyte loss and for characterizing progenitor cells for potential in vivo activation in aged hearts (Urbanek et al. 2005) .
To date, the effect of aging on cardiac progenitors has been studied only in c-kit + cells. Another putative cardiac progenitor is the cardiac side population (CSP) cell. This cell type is identified by its ability to efflux the nuclear-staining dye Hoechst 33342 via transmembrane pumps of the ATP-binding cassette (ABC) family, specifically ABCG2 and ABCB1/ MDR1 (Goodell et al. 1996; Pfister and Liao 2008) . Side population cells exhibit stem/progenitor characteristics in a wide variety of tissues including bone marrow, brain, small intestine, and the heart (Asakura and Rudnicki 2002) . CSP cells have been shown to be capable of differentiation into at least five cell types: cardiomyocyte, endothelial, smooth muscle, adipocyte, and osteocyte (Liang et al. 2009; Oyama et al. 2007; Pfister et al. 2005; Yamahara et al. 2008) .
A sub-population of CSP cells (sca1 + /CD31 − ) was identified and found to contain the majority of the CSP cardiomyocyte differentiation potential in vitro (Pfister et al. 2005 ). Subsequently, Liang et al. showed that sca1 + /CD31 − CSP cells were capable of in vivo differentiation into cardiomyocyte-and endothelial-like cells in a mouse model of myocardial ischemia (Liang et al. 2009 ). Because of their differentiation potential, sca1 + /CD31 − CSP cells could be of interest in circumstances where loss of cardiomyocyte number contributes to myocardial dysfunction, such as post-myocardial infarction and advanced age. However, it is unknown whether sca1
− CSP cells suffer the same age-associated increase in senescence as other progenitor cells (Morrison et al. 1996; Pearce et al. 2007; Torella et al. 2004) . Therefore, the first goal of our study was to determine how normal aging affects these cells. The second goal of our study was to determine how aged sca1 + /CD31 − CSP cells are affected by a well-known anti-aging diet (caloric restriction, CR) that has been reported to reverse many aspects of cardiac aging in rodents and humans, including cardiac contractile dysfunction, alterations in systemic hemodynamics, oxidative damage, and altered gene expression (reviewed in Saupe and Mulligan 2007 and Marzetti et al. 2009 ). CR treatments limit food intake to 50-75% of normal, but are supplemented with sufficient micronutrients to prevent malnutrition. The mechanisms by which CR delays aging and agerelated diseases are not fully understood, but one possibility is that CR returns stem/progenitor cells to a more "youthful" phenotype. This has been demonstrated in hematopoietic stem cells, where CR enhanced function to the extent that hematopoietic stem cells from aged mice on a CR diet outperformed hematopoietic stem cells from young ad lib (AL) fed mice in a repopulation assay .
Despite the observed effects of CR on cardiac aging, it has never been studied as a strategy for reversing the effects of aging on progenitor cells within the heart. To address these questions, sca1
were isolated from adult (6-10 months old) and aged (24-32 months old) mice fed either an AL or CR diet. The effects of aging and CR on CSP cell abundance, composition, senescence, and gene expression were then assessed.
Methods
Animals Adult (6-10 months old) and aged (24-32 months old) male C57Bl/6 mice were purchased from a colony maintained by the National Institute on Aging (NIA) and housed singly in an AAALAC- Gene expression was normalized to the average expression of three housekeeping genes: Hsp90ab, Gapdh, and Actb. All kits were used according to manufacturer's instructions, and analysis was done using software available at www.sabio sciences.com. The adult mice used for this experiment were 3-month-old male C57BL/6 from Harlan. These mice were identical to the 6-10-month-old adult AL mice from NIA in physical parameters and side population characteristics.
Statistics Two-way ANOVA was used in Figs. 1 and 2, and Table 1 . For Table 1 , in cases where there was significant interaction between factors, Bonferroni post tests were used to assess significance of individual comparisons. A p value <0.05 was considered statistically significant. Gene expression data ( Fig. 3) were adjusted for multiple testing by the positive false discovery rate (pFDR) method using QVALUE software (Storey and Tibshirani 2003) . A q value cut-off of 0.05 indicates a 5% chance of false positives among the total number of genes with significant changes in expression.
Results

Abundance of CSP cells and sca1
− CSP cells is altered with age but not CR
To determine whether CSP cell abundance is altered with age, lineage-negative non-cardiomyocyte (lin − ) cells were isolated from hearts of adult and aged mice. ABCB1-and ABCG2-dependent efflux activity in the CSP fraction of these cells was confirmed by sensitivity to verapamil (Fig. 1a) , and CSP cell number was determined by flow cytometry. We found that the number of CSP cells was 2.3-fold higher in aged mice than in adult mice (Fig. 1b, black bars) . Therefore, any loss of progenitor potential in the aged heart could not be due to a decrease in the abundance of CSP cells. but CR had no effect (n=6-8 per group). c Representative flow cytometry plots illustrating the division of CSP cells into subpopulations based on expression of sca1 and CD31 in an adult mouse heart. d Aging increased abundance of sca1 + /CD31 − CSP cells (p<0.0001), but CR had no effect (n=6-8 per group). Data are expressed as mean±SE. Asterisk denotes significant effect of age The CSP is a heterogeneous population of cells, raising the possibility that while the total number of CSP cells increases with aging, the abundance of specific sub-populations within the CSP may be decreased. To determine if aging alters the abundance of a sub-fraction of the CSP that has been shown to form cardiomyocyte and endothelial cells in vivo, flow cytometry was used to measure the expression of the cell surface markers sca1 and CD31 on lin − CSP cells (Fig. 1c) (Fig. 1a, b, white bars) . The effectiveness of the CR diet was confirmed by the expected anatomical time-of-sacrifice changes. Specifically, CR prevented the age-associated increase in body weight, heart weight, and ratio of heart weight to body weight (Table 1) . CR also elevated the ratio of lin − non-cardiomyocyte cells to heart weight by 32%
and 23% in adult and aged hearts, respectively (Table 1) .
Markers of senescence in sca1
are not altered by aging or caloric restriction
It is possible that although sca1
number is increased with age, the cells may exhibit markers of senescence, as has been observed in other progenitor cells (Torella et al. 2004) . To examine this, we looked at the expression of several genes associated with proliferation and senescence using a targeted real-time RT-PCR-based gene expression panel performed on sca1 + /CD31 − CSP cells. Neither aging nor CR altered gene expression of any of these genes (Fig. 2a) . We also measured telomerase activity (a marker of proliferative capacity) in CSP cells. Unfractionated CSP cells were used because the number of sca1 + / CD31 CSP cells that could be isolated was insufficient for reliable detection. Telomerase activity was present in CSP cells from all four groups relative to a no-cell negative control, but there was no significant difference among the groups (Fig. 2b) . This is consistent with our finding of unchanged proliferation and senescence marker gene expression. Genes on this array were selected to cover a range of pathways, including immaturity, proliferation, and differentiation (Table 2) . Sca1 + /CD31 − CSP cell gene expression profiles were compared between adult and aged AL mice (Fig. 3a) . Ten genes were differentially expressed between adult and aged AL sca1
Aging caused the upregulation of three genes and the downregulation of seven genes. Three of the downregulated genes were markers for differentiation of cells into more mature cell types: Actca2a (smooth muscle), Kdr1 (early endothelial), and Actc1 (cardiac muscle). Two downregulated genes were markers of cellular immaturity: Isl1 and Pou5f1/Oct4. No significant differences in expression were observed between aged AL and aged CR mice (Fig. 3b) 
Discussion
The objective of this study was to determine if there is an effect of natural aging on CSP cells and if so, could the age-associated effect be attenuated by an anti-aging diet (CR). We found that aging elevated CSP cell number (Fig. 1b ). Other groups have described the same effect of aging in various progenitor types (including cardiac), indicating that an increase in progenitor cell abundance may be a common response to aging (Morrison et al. 1996; Pearce et al. 2007; Torella et al. 2004) . Therefore, it does not appear that age-associated cardiomyocyte loss is caused simply by a lack of progenitors in the aged heart. The sca1 + /CD31 − sub-population of CSP cells is of particular interest since it has been shown to be capable of differentiation into both cardiomyocyte and endothelial cells in vitro and in vivo (Liang et al. Body weight was decreased by CR (p<0.001). Heart weight was increased by aging in the AL group (p<0.001) and decreased by CR (p<0.01 for adult, p<0.001 for aged). Ratio of heart weight to body weight (HW/BW) was increased by aging in the AL group (p<0.01). Ratio of lineage-negative (lin − ) non-cardiomyocytes to heart weight was increased by CR (p<0.001). Data are expressed as mean±SE; n=6 for adult groups, n=12 for aged groups a Significant effect of age 2009; Pfister et al. 2005) . Therefore, these cells are an important sub-population to evaluate with respect to aging. We found that sca1 + /CD31 − CSP cell abundance was increased with age ( Fig. 1d) , ruling out the possibility that the age-associated increase in total CSP cells actually masked a decrease in this more relevant sub-population. Some aged cardiac progenitor cell types have been reported to exhibit markers of senescence, interpreted as a possible reason why myocardial regeneration is not able to keep up with myocardial death, despite elevated total progenitor number (Chimenti et al. 2003; Rota et al. 2006; Torella et al. 2004 ). In contrast, we did not find this to be the case for sca1
− CSP cells (Fig. 2a) . Specifically, aging did not increase expression of cell cycle arrest genes, such as p16ink4a/cdkn2a, Rb1, and p53. Likewise, aging did not decrease expression of proliferative markers such as ccna2, ccnd1, Mki67, or Tert, which codes for the protein component of telomerase. This finding was supported by a lack of age effect on telomerase activity in CSP cells (Fig. 2b) . If sca1 + /CD31 − CSP cells do not exhibit markers of senescence with age, it is difficult to hypothesize that their level of proliferation could be a key determinant of age-associated cardiomyocyte loss. On the other hand, a progenitor Genes are divided into six categories that cover a broad spectrum of relevant pathways: cellular immaturity, cell fate determination, cell cycle, differentiation, growth factors, and aging cell that is not subject to elevated senescence could be an interesting target for in vivo activation in aged hearts. We further characterized aged sca1 + /CD31 − CSP cells by determining their gene expression profile at the time of isolation (i.e., representative of the in vivo state). An alternate approach would be to observe proliferation and differentiation in vivo or in vitro. However, due to the low absolute cell number isolated from each heart, the experiments would require amplification of the CSP cells in culture. It must be emphasized that the systemic environment is critical to maintenance of the aging or CR phenotype and in vivo effects can be altered very quickly in culture, leading to ambiguous results (Conboy et al. 2005; Pignolo et al. 1992) . This is a limitation of this study specifically, and of all aging/CR studies in general. (Cai et al. 2003) , though to our knowledge this has never been examined in sca1
Many of the genes more highly expressed in sca1
− CSP cells were associated with the notch cellfate signaling pathway, including Notch1, Jag1, Numb, Pard6, Gja1, and Hdac1. Hdac1 and notch1 have opposing actions in that notch1 induces gene expression by displacing hdac from its repressor complex (Kao et al. 1998 ). The simultaneous upregulation of Notch1 and Hdac1, coupled with upregulation of the asymmetric cell division genes Numb and Pard6, suggests a heterogeneous population in which multiple (sometimes opposing) processes are occurring simultaneously. The gene expression profile of aged sca1 + /CD31 − CSP cells is similar to the adult profile except for a few key differences. First, aging decreased the expression of Notch1, and the immaturity markers Isl1 and Pou5f1/Oct4 (Fig. 3a) . Second, aging reduced the expression of important differentiation markers of varied lineages (Fig. 3a) . Specifically, Acta2a and Actc1 are genes for smooth muscle and cardiomyocyte-specific actins, respectively. Kdr1/Flk1 is first seen during development in the hemangioblast, and expression is retained in endothelial cells. There is also evidence that flk1+ cells can differentiate into cardiomyocytes (Baba et al. 2007 
